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Abstract
We point out that the decay modes B0 →D+s D−s and B0s →D+D− have no factorized contributions. At quark level these
decays can only proceed through the annihilation mechanism, which in the factorized limit gives zero amplitude due to current
conservation. In this Letter, we identify the dominating non-factorizable (colour suppressed) contributions in terms of two
chiral loop contributions and one soft gluon emission contribution. The latter contribution can be calculated in terms of the
(lowest dimension) gluon condensate within a recently developed heavy-light chiral quark model. We find branching ratios
BR(B0 →D+s D−s )  7× 10−5 and BR(B0s →D+D−)  1× 10−3.
 2003 Published by Elsevier B.V.
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1. Introduction
There is presently great interest in decays of B-mesons, due to numerous experimental results coming from
BaBar, Belle, Tevatron, and later from LHC.
It has been shown [1] that some classes of B-meson decay amplitudes exhibit QCD factorization. This means
that, up to αs/π (calculable) and ΛQCD/mb (not calculable), their amplitudes factorize into the product of two
matrix elements of weak currents. Typically, the decay amplitudes which factorize in this sense are B→ ππ and
B→Kπ where the energy release is big compared to the light meson masses. However, for various decays of the
type B→DD where the energy release is of order 1 GeV, QCD factorization is not expected to hold. (Here B , D,
and D contain a heavy b, c, and anti-c-quark, respectively.) Such decay modes have been considered in connection
with intermediate DD states for other B-decay modes [2].
E-mail addresses: j.o.eeg@fys.uio.no (J.O. Eeg), svjetlana.fajfer@ijs.si (S. Fajfer), aksel.hiorth@fys.uio.no (A. Hiorth).
Open access under CC BY license.0370-2693 2003 Published by Elsevier B.V.
doi:10.1016/j.physletb.2003.07.013
Open access under CC BY license.
J.O. Eeg et al. / Physics Letters B 570 (2003) 46–52 47In a previous paper [3], it was pointed out that the decay mode D0 → K0K0 was zero in the factorized limit
due to current conservation. However, there are in that case non-factorizable (colour suppressed) contributions in
terms of chiral loops and soft gluon emission modelled by a gluon condensate.
In this Letter we report on the following observation: the decay modes B0 →D+s D−s and B0s →D+D− have
no factorized (colour non-suppressed) contributions. At quark level, these decays a priori proceed through the
annihilation mechanism bs¯→ cc¯ and bd¯→ cc¯, respectively. However, within the factorized limit the annihilation
mechanism will give a zero amplitude due to current conservation, as for D0 → K0K0. But there are non-zero
factorized contributions through the axial part of the weak current if at least one of D-mesons in the final state
is a vector meson D∗. Such contributions are, however, proportional to the numerically non-favourable Wilson
coefficient C1, which we will neglect in this short Letter. In contrast, the typical factorized decay modes which
proceed through the spectator mechanism, say B0 → D+D−s , are proportional to the numerically favourable
Wilson coefficient C2. If the mesons in this amplitude are also allowed to be vector mesons, such amplitudes will
generate non-factorizable (∼ 1/Nc) chiral loop contributions to the process B0d →D+s D−s due to K0-exchange.
These will be considered in the present Letter.
There are also non-factorizable (∼ 1/Nc) contributions due to soft gluon emission. Such contributions can be
calculated in terms of the (lowest dimension) gluon condensate within a recently developed heavy light chiral quark
model (HLχQM) [4], which is based on heavy quark effective theory (HQEFT) [5]. This model has been applied
to processes with B-mesons in [6,7]. The gluon condensate contributions is also proportional to the favourable
Wilson coefficient C2.
In Section 2 we present bosonized currents and factorized amplitudes needed as starting point for calculations
of chiral loops. In Section 3 we present our analysis of chiral loop contributions within the heavy light chiral
perturbation theory, and in addition the calculation of non-factorizable matrix elements due to soft gluons expressed
through the (model dependent) quark condensate. In Section 4 we give the results and conclusion. Throughout the
Letter, we will give formulae and figures for the decay mode B0 →D+s D−s . The treatment of B0s →D+D− will
proceed analogously.
2. Factorized amplitudes and bosonized currents
Our work is based on the standard approach [8] for non-leptonic decays where one constructs an effective
Lagrangian LW in terms of quark operators multiplied with Wilson coefficients containing all information of
the short distance (SD) loop effects above a renormalization scale µ of order mb. Within heavy quark effective
theory (HQEFT) [5], the effective Lagrangian LW can be evolved down to the scale µ∼Λχ ∼1 GeV [9,10]. The
b, c, and c¯ quarks are then treated within HQEFT.
As an example of a typical factorized amplitude we choose the case B0 →D+D−s :
(1)〈D−s D+∣∣LW ∣∣B0〉F =−
(
C2 + 1
Nc
C1
)〈
D−s
∣∣s¯γµγ5c|0〉〈D+∣∣c¯γµb∣∣B0〉,
which will later be compared with our chiral loop and soft gluon emission contributions. This term is proportional
to the D-meson decay constant times the Isgur–Wise function (for B →D transition) and is visualized in Fig. 1.
The coefficients C1,2 are Wilson coefficients for the operators containing the product of two left-handed currents.
In our notation, C2 is the numerically favourable coefficient corresponding to the four quark operator being present
at tree level. In contrast, the coefficient C1 corresponds to an operator induced by perturbative QCD and is smaller.
The Wilson coefficients C1,2 contain the Fermi coupling GF and the KM parameters: Ci =−GF√2VcbV ∗csai , where
the ai are dimensionless. Numerically, a1 ∼ 10−1 and a2 ∼ 1 at the scale µ=mb , and |a1|  0.4 and |a2|  1.4 at
µ∼Λχ ∼1 GeV [9,10]. Penguin operators may also contribute, but have small Wilson coefficients.
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consider in this Letter. The double dashed lines represent heavy mesons, the double lines represent heavy quarks, and the single lines light
quarks.
Fig. 2. Factorized contribution for B0 →D+s D−s through the annihilation mechanism, which give zero contributions if both D+s and D−s are
pseudoscalars.
The factorized amplitude for B0 →D+s D−s is visualized in Fig. 2, and is given by
(2)〈D−s D+s ∣∣LW ∣∣B0〉F = 4
(
C1 + 1
Nc
C2
)〈
D−s D+s
∣∣c¯LγµcL|0〉〈0|d¯Lγ µbL∣∣B0〉.
Unless one or both of the D-mesons in the final state are vector mesons, this matrix element is zero due to current
conservation:
(3)〈D+s D−s ∣∣c¯γµc|0〉〈0|d¯γ µγ5b∣∣B0〉∼ fB(pD + pD)µ〈D+s D−s ∣∣c¯γµc|0〉 = 0.
The vacuum insertion approach (VSA) corresponds to bosonizing the two currents in the four quark operators
within LW separately and multiply them, i.e., the factorized case. Based on the symmetry of HQEFT, the bosonized
current for decay of the bq¯ system to be used in Eq. (2) is [4,11]:
(4)q¯Lγ µQ(+)v −→
αH
2
Tr
[
ξ†γ αLH(+)b
]
,
where Q(+)v is a heavy b-quark field, v is its velocity, H(+)b is the corresponding heavy meson field and
αH = fH√MH for (H = B,D) (fB will be different from fD due to perturbative QCD corrections for scales
µ < mQ; Q = b, c for H = B,D); see [4,5]). Moreover, L is the left-handed projector in Dirac space, and
ξ ≡ exp (iΠ/f ) where f is the bare pion coupling, and Π is a 3 by 3 matrix which contains the Goldstone bosons
π,K,η in the standard way. Analogously, for the W -boson materializing to a D to be used in Eq. (1) we obtain the
bosonized current
(5)q¯Lγ µ Q(−)v¯ −→
αH
2
Tr
[
ξ†γ αLH(−)c¯
]
,
where v¯ is the velocity of the heavy c¯ quark and H(−)c¯ is the corresponding field for the D meson.
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(6)Q(+)v γ µLQ(+)v′ −→−ζ(ω)Tr
[
H(+)c γ αLH
(+)
b
]
,
where ζ(ω) is the Isgur–Wise function for the B → D transition, and v′ is the velocity of the heavy c-
quark. Furthermore, ω ≡ v · v′ = v · v¯ = MB/(2MD). Analogously, for the weak current for DD production
(corresponding to the factorizable annihilation mechanism) to be used in Eq. (2) we obtain
(7)Q(+)
v′ γ
µLQ
(−)
v¯ −→−ζ(−λ)Tr
[
H(+)c γ αLH
(−)
c¯
]
,
where λ= v¯ · v′ = [M2B/(2M2D)− 1]. The Isgur–Wise function ζ(−λ) in (7) is a complex function, and not so well
known as for the b→ c transition. From conservation of momentum we find the relation between the heavy quark
velocities:
(8)pB = pD + pD ⇒ vµ =
MD
MB
(v′ + v¯)µ.
Using the bosonized currents above, we obtain the factorized amplitude for the process B0 →D+D−s :
(9)A(B0 →D+D−s )F =−GF√2VcbV ∗csa2ζ(ω)fDMD
√
MBMD (λ+ω).
3. Non-factorizable amplitudes for B0→D+s D−s
In the following we will consider explicitly the decay mode B0 → D+s D−s . The analysis of B0s → D+D−
proceed the same way. To calculate the chiral loop amplitudes we need the factorized amplitudes for B∗0s →
D+s D∗− and B0 →D∗+D∗−, which proceed through the spectator mechanism as in Fig. 1. The point is that the
leading chiral coupling is a coupling between a pseudoscalar meson H , vector meson H ∗ a light pseudoscalar M
(= π,K,η). Using the bosonized currents in Eqs. (5) and (6), we obtain the following chiral loop amplitude for the
process B0 →D+s D−s from Fig. 3:
(10)A(B0 →D+s D−s )χ = (V ∗cd/V ∗cs)A(B0d →D+d D−s )F ·Rχ,
where the factorized amplitude for the process B0 →D+D−s is given in (9).
The quantity Rχ is a sum of contributions from the left and right part of Fig. 3, respectively. In the MS scheme
we find the result
(11)Rχ = m
2
K
(4πf )2
g2A
[{
(ω+ 1)
(ω+ λ)
[
r(−ω)+ r(−λ)]− 1} ln(m2K
Λ2χ
)
− 1
]
.
As usual, the 1/Nc suppression is due to f 2 ∼Nc . The function r(x) is also appearing in loop calculations [9,10]
of the anomalous dimension in HQEFT (for x > 1 and x <−1, respectively):
(12)r(x)≡ 1√
x2 − 1 ln
(
x +
√
x2 − 1 ), r(−x)=−r(x)+ iπ√
x2 − 1 ,
which means that the amplitude gets an imaginary part. Numerically, we find
(13)Rχ  0.12− 0.26i.
In contrast to (1) and (2), the genuine non-factorizable part for B0 → D+s D−s can, by means of Fierz
transformations and identities for the product of two colour matrices, be written in terms of coulored currents
(14)〈D−s D+s ∣∣LW ∣∣B0〉NF = 8C2〈D−s D+s ∣∣(d¯Lγ αtabL)(c¯LγαtacL)∣∣B0〉.
50 J.O. Eeg et al. / Physics Letters B 570 (2003) 46–52Fig. 3. Non-factorizable chiral loops for B0 →D+s D−s .
Fig. 4. Non-factorizable contribution for B0 → D+s D−s through the annihilation mechanism with additional soft gluon emission. The wavy
lines represent soft gluons ending in vacuum to make gluon condensates.
Within our approach, this amplitude is written in a quasi-factorized way in terms of matrix elements of coulored
currents:
(15)〈D+s D−s ∣∣LW ∣∣B0〉GNF = 8C2〈D+s D−s ∣∣c¯LγµtacL|G〉〈G|d¯Lγ µtabL∣∣B0〉,
where a G in the brackets symbolizes emission of one gluon (from each current) as visualized in Fig. 4. We
observe that the annihilation mechanism amplitude in the non-factorizable case has the numerically favourable
Wilson coefficient C2.
In order to calculate the matrix elements in (15), we will use the heavy light chiral quark model (HLχQM)
recently developed in [4], which incorporates emission of soft gluons modelled by a gluon condensate. This model
belongs to a class of models extensively studied in the literature [12–17]. For details we refer to Ref. [4]. Within the
HLχQM, the interaction between heavy meson fields and heavy quarks are described by the following Lagrangian
[4]:
(16)LInt =−GH
[
χ¯aH
(±)
a Q
(±)
v +Q(±)v H (±)a χa
]
,
where GH is a coupling constant which is of order
√
2m/f . Moreover, χ is the flavour rotated quark field given
by χL = ξ†qL, χR = ξqR , where qT = (u, d, s) are the light quark fields. How one obtains the bosonized currents
in Section 2 within the HLχQM, is explained in [4] and [7]. The gluon condensate contributions are calculated by
Feynman diagram techniques as in [4,6,7,18,19]. They may also be calculated by means of heat kernel techniques
as in [16,17,20].
The left part in Fig. 2 with gluon emission gives us the bosonized coloured current:
(17)(q¯Ltaγ αQ(+)vB )1G −→−GHgs64π Gaµν Tr
[
ξ†γ αLH(+)b
(
σµν − 2πf
2
m2Nc
{
σµν, γ · v})],
where Gaµν is the octet gluon tensor, and H
(+)
b represents the heavy B-meson fields. Similarly the (heavy) D- and
D-mesons are represented by H(+)c and H(−)c¯ corresponding to a heavy quark field Q(+)v′ and heavy anti-quark
field Q(−)v¯ , respectively. Here m is the SU(3) invariant constituent light quark mass, and the symbol { , } denotes
the anti-commutator.
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(18)(Q(+)
v′ t
aγ αLQ
(−)
v¯
)
1G −→
G2Hgs
32π
Gaµν Tr
[
H(+)c γ αLH
(−)
c¯
(
r˜
π
σµν + 1
4m(λ− 1)
{
σµν, γ · t})],
where t ≡ v′ − v¯, and r˜ ≡ r(−λ). Multiplying the currents in Eqs. (17) and (18), and using the replacement:
(19)g2s GaµνGaαβ → 4π2
〈
αs
π
G2
〉
1
12
(gµαgνβ − gµβgνα),
we obtain the bosonized version of Eq. (15) as the product of two traces.
Taking the pseudoscalar parts of (17) and (18), we find the gluon condensate contribution for B0 → D+s D−s
within our model:
(20)A(B0 →D+s D−s )G =−GF√2VcbV ∗cqa2
〈
αs
π
G2
〉
(GH
√
MB )
3
384m
(
1+ 3r˜
π
)
.
(For our algebraic manipulations, the program FORM [21] was useful.) The ratio between this amplitude and the
factorized one in (9) scales as MD/(NcMB) times hadronic parameters calculated within HLχQM. We define a
quantity RG for the gluon condensate amplitude analogously to Rχ in (10) and (11) for chiral loops. Numerically,
we find that the ratio between the two amplitudes in (20) and (9) is
(21)RG  0.055+ 0.16i,
which is of order one third of the chiral loop contribution in Eq. (11).
4. Discussion and results
Our amplitude is complex as expected. In the chiral loop amplitude these are due to physical cuts (exchanges of
physical particles) to the one-loop order we consider in this Letter. The Wilson coefficients turn complex when the
c-quark is treated [9,10] within HQEFT. This is also the case for the matrix elements that these Wilson coefficients
should be matched to.
Adding the amplitudes Rχ and RG and multiplying with the Wilson coefficient [9,10] a2  1.33 + 0.2i , we
obtain the quantity:
(22)R˜T ≡ a2(Rχ +RG) 0.26− 0.11i.
We have found that the amplitude for B0 → D+s D−s is of order 15–20% of the factorizable amplitude for
B0 →D+D−s , before the different KM-factors are taken into account. We obtain the branching ratios
(23)BR(B0d →D+s D−s )= 6.5× 10−5 ×
∣∣∣∣ Vcb0.041 V
∗
cd
0.223
R˜T
0.26
ζ(ω)
0.9
∣∣∣∣2,
and
(24)BR(B0s →D+D−)= 8.9× 10−4 ×
∣∣∣∣ Vcb0.041 V
∗
cs
0.974
R˜T
0.26
ζ(ω)
0.9
∣∣∣∣2.
The difference between the branching ratios is mainly due to the difference in KM factor. Taking into account the
comments above, we end up with the conclusion that
(25)BR(B0d →D+s D−s ) 7× 10−5, BR(B0s →D+D−) 1× 10−3.
The ongoing searches at BaBar and Belle might soon give the limit on the rate B0 → D+s D−s . The mode
B0s →D+D− will, however, only be accessible at Tevatron and later at LHC.
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